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1 1. 2  EMPIRICAL  MODELING  OF  THE  GEOMAGNETIC  VARIATION  IN  THE  THERMOSPHERE 


Jack  V.  Slavey 

Center  for  Astrophysics 
Harvard  College  Observatory 
and 

Saithsonian  Astrophysicsl  Observatory 
Cambridge,  Massachusetts  02138 


Abstract.  -This  paper  briefly  suaaarizes  the  developaent  of  eapirical 
aodels  of  the  g$6SIfnetic  "variation  in  the  thenosphere  and  exosphere.  The 
earliest  aodels  were  based  exclusively  on  the  results  of  satellite  drag 
analysis.  Although  they  present  a  auch  siaplified  picture  of  vhat  is  an 
extreaely  coaplex  phenomenon,  these  aodels  are  still  valid  in  aany 
applications  and  reaain  in  vide  use.  They  do,  however,  leave  much  to  be 
desired  with  respect  to  short-ten  accuracy  and  are  quite  inadequate  in  aany 
cases  in  the  way  in  which  they  depict  local  conditions.  More  recent 
observational  data,  particularly  those  froa  satellite-borne  gas  analysers, 
hsve  resulted  in  a  considerable  iaproveaent  in  eapirical  aodels  of  the 
geoaagnetic  variation.  One  such  aodel  and  its  limitations  are  described  in 
soae  detail.  Save  of  the  problems  relating  to  the  developaent  of  improved 
aodels  in  the  future  are  also  examined. 


1 .  MODELS  BASED  ON  MAG  ANALYSIS 

Heating  of  the  neutral  atmosphere  in  association  with  aagnetic  storas  was 
suggested  by  aany  early  studies  of  ionospheric  disturbance  and  the  aurorae. 
Thors  was,  however,  no  direct  evidence  of  such  heating  until  Jacchia  (1959, 
1961)  detected  a  correlation  between  aagnetic  storas  and  short-lived  increases 
in  the  ataospheric  drag  on  artificial  satellites.  Following  this  discovery, 
the  results  of  dreg  analysis  were  used  extensively  to  study  the  variation  of 
the  ataosphere  with  geoaagnetic  activity  and  were,  for  a  long  time,  the  only 
significant  source  of  inforaation  on  the  subject.  These  studies  led  to  the 
developaent  of  siaple  eapirioal  aodels  of  the  geoaagnetic  variation  (Jacchia 
and  Slowey,  1964a,  1964b;  Jacehia  et  si.,  1967;  Roeaer,  1971)  which,  by 
inclusion  in  one  or  another  of  the  early  ooaprehensive  aodels  of  the 
heterosphere  (thenosphere  and  exosphere),  are  still  widely  used,  particularly 
in  relation  to  probleas  of  satellite  orbital  analysis  and  epheaeris 
prediction.  This  phase  in  the  development  of  aodels  of  the  geoaagnetic 
variation  is  suaaarised  in  reviews  by  Jacchia  (1972)  and  Roeaer  (1972) 
published  with  the  1972  00 SPAR  reference  ataosphere  (CIRA  1972). 

The  aodels  derived  froa  satellite  drag  usually  eousisted  of  an  equation 
relating  an  iuerease  in  the  exospheric  temperature  ef  the  ataosphere  to  the 
planetary  geoaagnetic  index  Up  er  te  ita  qua si- logarithmic  equivalent  L.  The 
corresponding  density  at  any  haight  was  then  to  be  obtained  by  entering  the 
augmented  exospheric  teaperature  in  a  static  diffusion  model  ef  the 
ataosphere.  The  iaplieit  as swaption  vss  that  the  shape  ef  the  teaperature 
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profile*  daring  geomagnetic  disturbances  uchu|»i  with  respect  to  the 
static  aodels.  Actually,  of  oourse,  on*  would  expect  the  profiles  to  be 
considerably  distorted  in  the  vicinity  of  tb*  lower  tberaospkeric  best  sources 
thst  drive  the  geomagnetic  vsrietion.  Still,  tb*  models  represented  tbe 

observed  density  variations  at  heights  above  200  km  rather  well.  Belov  200 
km,  however,  it  was  necessary  to  introdnee  an  added  relative  increase  directly 
in  the  density  in  order  to  compensate  for  the  limited  sensitivity  of  the 
static  models  at  lower  heights  to  variations  in  the  exospheric  temperature 
input  (Jacchia,  1972). 

The  orbital-drag  method  does  not  provide  high  resolution,  either 
spatially  or  temporally,  and  this  was  a  considerable  disadvantage  in  the  case 
of  the  geomagnetic  variation.  Time  resolution  as  short  as  0.1  day  has  been 
achieved  in  drag  work  (Jacchia  and  Slowey,  1963)  bat  a  resolution  of  0.20  - 
0.25  day  during  large  magnetic  storms  is  more  typical  of  the  data  from  orbit 
analysis.  Daring  quieter  periods,  even  the  smallest  variations  with 
geomagnetic  activity  can  be  detected  (Jacchia  and  Slowey,  1964b)  but  the 

resolution  of  these  is  poorer  still.  And,  since  the  drag  effect  cannot  be 
resolved  within  a  single  orbital  period,  the  derived  density  necessarily 
represents  an  average  over  a  fairly  long  arc  of  the  orbit  on  either  side  of 
perigee.  Thus,  the  data  from  orbital-drag  analysis  conld  only  give  a  smoothed 
picture  of  a  phenomenon  that  turned  out  to  be  quit*  complex  in  form.  This 
complexity  became  obvious  with  the  first  high-resolution  measurements  of 
densities  and  composition  with  satellite-borne  accelerometers  (DeVries,  1972) 
and  gas  analysers  (i.e.,  neutral  mass  spectrometers)  (Taeusch  et  al.,  1971). 

Although  most  of  the  models  based  on  orbital  drag  assumed  the  geamsgnetic 
vsrietion  to  be  uniform  over  the  globe,  several  important  details  of  the 
variation  did  emerge  from  drag  analysis,  albeit  in  rudimentary  form.  Jacchia 
and  Slowey  (1964a)  and  Jacchia  et  al.  (1967)  reported  that,  on  occasion,  the 
geamsgnetic  variation  was  substantially  enhanced  in  the  euroral  zones.  Koemer 
(1971)  did,  in  fact,  modify  the  model  of  Jacchia  et  al.  (1967)  to  include  a 

latitude  dependence.  Roemer  (1971)  was  also  able  to  detect  a  sinusoidal 

dependence  of  the  geomagnetic  variation  on  local  time,  with  a  maximum  in  the 
relative  temperature  increase  at  3  si  larger  by  a  factor  of  1.30  with  respect 
to  a  3  pm  minimum.  Jacchia  and  Slowey  (1964a)  also  found  an  increase  in  the 
time  leg  between  a  geomagnetic  disturbance  and  its  atmospheric  counterpart  in 
going  from  high  to  low  latitudes.  This  and  the  observed  enhancement  in  high 
latitudes  were  evidence  of  the  transport  of  energy  fsom  high  to  low  letitudes 
during  magnetic  storms,  a  fact  later  corroborated  by  observetions  of  winds 
(Smith,  196S;  Hays  and  Roble,  1976)  and  gravity  waves  (Newton  et  el.,  1969; 
Champion  et  al.,  1970)  in  the  thermosphere. 


2.  RECENT  MODELS 

Data  from  satellite-born*  gas  analysers  revolutionised  the  study  of  the 
uppkr  atmosphere  and,  in  particular,  the  geomagnetic  variation.  Data  from 
accelerometers  have  also  been  important  because  of  their  greatly  improved 
resolution  as  opposed  to  orbital-drag  analysis.  The  gae-analyser  results, 
however,  provide  information  on  composition  in  addition  to  improved 
resolution.  Changes  in  the  neutral  composition  associated  with  gecmegnetic 
disturbance  tnrn  ont  to  be  extremely  important  in  nnderstanding  the  physical 
processes  involved  in  the  geomagnetic  variation. 
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Spherical  kmoalo  models,  patterned  aftar  tha  original  060  6  aodal  of 
Hadia  at  al.  (1974).  have  baaa  flttad  to  tha  data  froa  a  aaabar  of  the  gas- 
analyzer  experiaents.  Soae  of  theae  iaelnda  (geographic)  latitade  depeadeat 
teraa  for  the  gacaagaetic  variation  (aeaally  aa  a  fnactioa  of  tha  daily  A- 
index)  while  soae,  each  as  the  ESBO  4  aodel  of  won  Zahn  at  al.  (1977),  are 
apacifically  fitted  only  to  data  corresponding  to  geoaagnetically  quiet 
conditions.  The  aost  proainent  of  the  spherical  haraoaic  aodel  s  is  the  MS  IS 
aodel  of  Bedin  at  al.  (1977a,  1977b)  that  was  fitted  to  gas-analyzer  data  froa 
five  different  satellite  experiaeata  as  well  as  neutral  teaperatnres  inferred 
froa  incoherent  scatter  aeasnreaents  Bade  at  a  anaber  of  ground  stations. 
This  aodel  was  extended  by  Bedin  at  al .  (1979)  to  include  longitude/UT 
variations.  Ve  cannot  discuss  these  aodels  in  detail  here  but,  instead,  refer 
the  reader  to  recent  reviews  such  as  that  by  PrOlss  (1980) .  Ve  shall, 
however,  describe  in  soae  detail  the  aodel  of  the  geoaagnetic  variation  that 
was  derived  froa  ESBO  4  gas-analyzer  data  by  Jacchia  et  al .  (1974,  1977)  and 
incorporated  in  Jacchia* s  aost  recent  coaprehensive  aodel  of  the  heterosphere 
(Jacchia,  1977). 

The  aodel  of  Jacchia  et  al.  represents  the  geoaagnetic  variation  as  a 
function  of  the  geoaagnetic  latitude,  averaged  over  local  tine  and  other 
conditions,  and  the  I.  index.  Density  and  coaposition  changes  under 
geoaagnetically  disturbed  conditions  are  reproduced  by  an  increase  in 
exospheric  teaperature  and  a  proportional  increase  in  the  height  of  the 
hoaopause.  The  later  is  a  convenient  device  to  account  for  an  effect  that 
seeas  aore  likely  to  be  due  to  wind-induced  vertical  diffusion.  Superiaposed 
on  these  two  effects  is  an  'equatorial  wave'  in  which  the  nuaber  densities  of 
all  constituents  increase  in  the  eaae  proportion  and  that  propagates  into  low 
latitudes.  The  change  in  the  logaritha  of  the  nuaber  density  of  the  species 
i,  Aglog  nj,  is  thus  assuaed  to  be  given  by  the  sua  of  three  separate 
coaponents. 


hGlog  nj  *  Aylog  nj  +  Aglog  nj  +  Aelog  B|  (1) 

where  Aylog  ni  is  the  theraal  coaponent,  Aglog  n|  is  the  coaponent  due  to  the 
change  in  the  height  of  the  hoaopause  and  Aglog  n^  is  the  coaponent  due  to  the 
equatorial  wave. 

The  theraal  coaponent  of  the  variation  Ajlog  n^  is  evaluated  froa  an 
exospheric  teaperature  increase  AqT®  given  by  . 

AqT.  -  A  sin4#  (2) 

where  #  is  the  geoaagnetic  (preferably  the  invariant)  latitude  and  the  polar 
aaplitude  A  is  given  by 

A  -  57.5#Ip*  11  ♦  0.027  exp  (0.4  lp'»  (S) 

where  Kp'  is  the  Ip  index  at  a  tiae  t  -  t,  and  x  is  given  by 

t  "  0.1  v  0.2  eoa*#  (day).  (4) 

For  heights  in  the  lower  thermosphere,  the  teaperature  profiles  of  the  static 
aodels  are  to  be  inereaeated  by  an  aaouat  given  by  (Jaeehia,  1977) 

AfT(s)  •  AgT»  tanh  (e(s-ss)),  (9) 


54 


I 


where  e  ■  0.006  and  x*  *  90  ka.  The  disturbed  teaperature  profilaa  defined  by 
equation  (5)  yield  spaciaa  daaaitiaa  that  ara  ia  good  agreeaent  with 
obaarvatioas  at  heights  aa  low  aa  ISO  ka.  Analytical  axpraaaioaa.  derived 
troa  tha  roaalta  of  aoaacical  latagratioa  of  tha  diatarbad  profilaa.  ara 
available  fxoa  which  djlog  a^,  iacladiag  tha  affaet  of  equation  (S),  caa  ba 
coaputed  directly. 

Tha  coapoaaat  doe  to  tha  chaage  ia  tha  height  of  tha  hoaopaaae  is  givea 
by 

dglog  aj  *  «4  dig  .  (6) 

where  dig  (asters)  is  coaputed  fro* 

dig  -  5.0  x  10»  sinh-»{0.010d0T.)  (7) 

sad  the  are: 

a(Ar)  -  +3.07  x  10-»  (aks)  (8) 

0(0,)  *  +1.03  x  10-‘  (aks) 
o(N.)  -  0.0 

o(0)  -  -4.85  x  10-*  (aks) 

o(He)  *  -6.30  x  10-*  (aks). 


With  the  exception  of  tha  value  for  0.  these  values  of  0|  were  dete rained 
auaerically  froa  the  static  aodels.  Tha  valaa  for  0  was  dateraiuad  by 
observation  and  is  about  20%  larger  thaa  that  coaputed  froa  the  aodels.  This 
is  not  surprising  since  oxygen  dissociation  is  still  iaportant  at  the  height 
of  the  hoaopause,  so  that  0  is  vary  far  froa  being  in  diffusion  eqnilibriua. 


Vi**) 


Figure  1.  Tariatioa  ia  tha  densi¬ 
ties  of  it.  Na .  0.  sad  la  at  290 
ka  aa  a  foaetioa  of  geoaagaetie 
heating  for  a  'quiet'  exospheric 
taaperature  of  900  K. 
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Figure  2.  Latitudinal  prof  ilea  of  Ar,  N,,  0,  and  Be  number  denaitiea  and  of 
total  atmospheric  density  at  various  heights  for  Ip'  -  5  and  a  'quiet' 
exospheric  temperature  of  900  K.  The  profile  of  the  exospheric  temperature 
increase  is  also  shown. 


The  component  due  to  the  equatorial  wave  is  assnned  to  depend  on  the 
temperature  amplitude  of  the  disturbance  given  by  equation'  (3)  and  is 
represented  by 


Aglog  nj  «  Aalog  p  ■  5.2  x  10~4  A  cos*#  (9) 

where  p  is  the  total  density.  This  component,  which  is  a  clear  and 
significant  part  of  the  geomagnetic  variation,  is  not,  to  our  knowledge, 
included  in  other  models. 

The  nature  of  the  variations  predicted  by  the  model  are  shown  in  Figures 
1-3.  In  Figure  1.  the  variations  of  four  atmospheric  conetituents  at  a  height 
of  280  km  are  shown  as  a  function  of  kq T».  The  variations  are  those  at  the 
poles  and  represent  only  the  effects  of  the  thermal  increase  and  the  increase 
in  the  height  of  the  homopanee.  Aa  can  be  eeen,  the  effect  of  the  thermal 
increaee  at  this  height  ie  insufficient  to  overcome  the  effect  of  the  iucreaee 
in  the  height  of  the  homopanee  on  the  lighter  oonetitnente,  0  and  Be,  and  the 
deneities  of  these  constituents  decrease  rather  than  increaee  in  response  to 
geomagnetic  disturbance,  la  Figure  2,  the  variations  of  the  same  constituents 
and  the  total  density  are  ehowa  for  various  heights,  together  with  the 
variation  in  exospheric  temperature,  as  a  function  of  the  geomagnetic  latitude 
for  Ip'  •  5  (A  •  84S  K).  Sere,  the  density  variations  include  the  effeete  of 
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•11  three  component*  of  the  aodel.  The  variation  la  total  density  at 
difftmt  heights  does*  of  coarse*  depead  oa  the  eoapositioa  at  that  height. 
At  aoderate  heights,  where  0  is  the  aajor  ataospheric  constituent,  the 
variation  ia  the  total  deasity  closely  follows  that  of  0.  At  lower  heights* 
the  rariatioa  ia  total  deasity  is  also  effected  by  the  wariatioa  ia  N, .  This 
is  especially  true  ia  high  latitudes  because  of  the  large  iacrease  ia 
exospheric  teaperature.  At  greater  heights*  where  He  begias  to  beeoae  the 
aajor  coastitueat,  the  rariatioa  ia  total  deasity  is  iacreasiagly  effected  by 
the  variation  ia  He.  Thus*  the  relative  aaplitude  of  the  wariatioa  ia  total 
density  attains  a  aaxlaua  at  about  700  ha  and  thea  begias  to  decrease.  Ia 
Figure  3,  profiles  of  the  total  exospheric  teaperature  arouad  the  aeridioaal 
circle  containing  17^  »Bd  5^  local  tiae  are  shown  for  both  equinox  and 
solstice  conditions.  It  is  clear  fron  the  figure  that  even  aoderate 
geoaagnetic  activity  can  shift  the  global  aaxiaua  in  exospheric  teaperature 
froa  its  'quiet'  position  into  auch  higher  latitudes. 


Figure  3.  Exospheric  teaperature  profiles 
along  the  17h-  fh  local  tiae  aeridiaa  for 
various  levels  of  geaasgaetie  activity. 


3 .  LIMITATIONS  OF  THE  MODEL 

One  liaitatioa  of  the  aodel  that  has  beea  described  here  is  that  it  was 
derived  priaarily  froa  data  at  the  single  height  of  210  ha.  While  the  aodel 
has  beea  shewn  te  work  rather  well  ia  the  lever  theraosphere,  it  has  not  beea 
tested  at  greater  heights.  This  is  a  aatter  of  suae  cones ra  ia  view  of  the 
large  relative  aaplitudes  that  the  aedel  predicts  at  greater  heights.  There 
is  also  evidence  frea  eeaparisoas  with  satellite  drag  that,  even  iu  the 


57 


I 


vicinity  of  280  ka,  the  dip  ia  the  intitadiael  response  of  the  total  deasity 
ia  aid-letitndea  ie  exaggerated  ia  the  aodel.  Jacchia  aad  Slowey  (1981)  have 
aade  a  pr  alia  inary  revision  to  the  aodel  based  oa  re-ezaainatioa  of  the  E810  4 
data  ia  which  both  the  exospberio  teaperatnre  increase  centered  oa  the  poles 
aad  the  equatorial  wave  are  soaewhat  broadened.  The  aain  effect  of  this 
revision  is  to  increase  the  positive  response  of  atoaic  oxygen  and,  heace, 
that  of  the  total  deasity  at  lover  heights  la  aid-latitude*. 

The  aodel  also  does  not  allov  for  a  variation  ia  the  shape  of  the 
latitudinal  response  with  the  intensity  of  the  disturbance.  Such  changes  have 
been  observed  in  the  ESRO  4  data  by  PrQlss  and  Pricfce  (1974)  aad  by  Slowey 
(1981)  and  seen  to  be  related  to  variations  in  the  positions  of  the  energy 
sources  heating  the  ataosphere.  The  latitudinal  position  of  the  polar  cusp 
region,  for  exaaple,  varies  by  15  degrees  or  aore  in  response  to  intensity 
variation  of  the  ring  current  as  indicated  by  the  Dst  index  (Meng,  1982) . 

In  addition,  the  tine  lag  between  a  geoaagaetic  disturbance  and  the 
associated  ataospheric  perturbation  specified  by  the  aodel,  is,  on  average, 
probably  too  large.  Here  ve  were  guided  aore  by  the  results  froa  orbital-drag 
analysis  than  the  gas-analyzer  data.  It  is  increasingly  evident  that  response 
tines  are  extrenely  short  in  high  latitudes  (Taensch  et  al . ,  1971;  PrBlss  and 
Fricke,  1974)  and  nay  be  as  little  as  3-4  hours  in  the  equatorial  region 
(Slovey,  unpublished),  at  least  with  respect  to  the  AE  geoaagnetic  index. 
Much  work  reaains  to  be  done,  however,  both  on  the  possible  variability  of  the 
tiae  delay  and  the  applicability  of  different  activity  indices  to  the 
geoaagnetic  variation. 

A  related,  though  considerably  aore  difficult,  question  is  that  of  the 
persistence  of  the  effects  of  ataospheric  perturbation.  The  heating  involved 
in  a  geoaagnetic  disturbance  results  in  a  large-scale  transport  of  axes  and 
energy  (see,  for  exaaple,  Fuller-Xowell  and  tees,  1981)  and  the  winds  and 
waves  associated  with  the  disturbance  will  persist  for  a  considerable  period 
after  the  heat  input  ceases.  Porter  et  al.  (1981),  have  recently  developed  an 
eapirical  f  omul  at  ion  for  the  effects  of  disturbance  that  incorporates  the 
prior  history  of  the  heat  input.  This  has  been  applied  to  the  analysis  of  two 
disturbed  periods  by  Hedin  et  al.  (1981)  with  good  results  and  seen*  to  be  a 
step  in  the  right  direction.  A  such  siapler  approach  would,  however,  seesi  to 
be  required  for  aost  practical  applications. 


4.  FUTURE  DEVELOPMENT 

The  aost  foraidable  problea  rsasinlng  in  the  developaent  of  eapirical 
aodels  of  the  geoaagnetic  variation  is  that  of  the  reelistie  representation  of 
local  tiae  effects,  while  at  the  saae  tiae  taking  into  account  whatever 
dependence  on  longitude  aad  oa  season  as  aay  exist.  Soae  idea  of  the 
coaplexity  involved  in  aodel iug  the  local  tiae  effects  can  be  seen  ia  Figure 
4,  which  shows  relative  isotheras  of  the  exospheric  teaperatnre  increase 
plotted  as  a  function  of  geaaagaetic  latitude  and  local  tiae  in  the  region 
poleward  of  30  degrees  latitude.  The  exospheric  teaperatures  used  to  draw  the 
figure  were  obtained  by  inversion  of  the  N(  densities  aeasured  by  ESRO  4  at  a 
height  of  280  ka  ander  the  assnaption  that  Ns  reaains  in  diffusion 
equilibriua.  The  data  used  ware  those  for  which  the  corresponding  value  of 
was  in  the  range  3-4  and  were  selected  without  regard  to  hoaisphere, 
eesson  or  aay  other  consideration. 
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Figure  4.  Isotherms  of  the 
normal  lied  relative  temperature 
increase  derived  from  N,  deasl- 
tiea  fer  tp*  in  tie  range  3-4. 


As  can  be  seen  from  the  figure,  the  response  of  the  ataosphere  to 
geomagnetic  perturbation  is  generally  anch  greater  in  the  night  and  aorning 
sectors  than  it  is  elsewhere.  This  confines  the  trend  found  by  Koeaer  (1971) 
from  orbital-drag  data  as  well  as  the  findings  of  Taeuseh  (1977)  and  PrBlss 
and  von  Zahn  (1978)  froa  gas  analyser  data.  The  asxiaua  in  the  aorning  sector 
is  probably  the  saae  day-side  heating  sons  previously  detected  in  the  ESRO  4 
data  by  Friche  et  si.  (1974)  and  Raitt  et  al.  (197S)  and  shown  to  nove  towards 
lower  latitudes  as  the  level  of  disturbance  increases.  It  is  probably 
associated,  at  least  in  part,  with  heating  due  to  particle  precipitation  in 
the  vicinity  of  the  polar  cusp.  The  enhancement  in  high  latitudes  in  the 
night  sector,  on  the  other  hand,  is  probably  associated  with  joule  dissipation 
in  the  westward  electrojet  systea.  The  ooaponent  of  that  eleetrojet  that 
flows  in  the  auroral  oval  in  the  evening  sector  is  not  so  intense.  The 
relatively  steep  teaperature  gradient  there  and,  especially,  at  high  latitudes 
in  the  afternoon  sector  aay  also  be  due  is  part  to  strong  sunward  winds  in 
those  regions.  The  aid-latitude  enhancement  throughout  the  night  side  has 
beep  shown  by  Raitt  et  al.  (1975)  to  be  closely  correlated  with  tones  of  high- 
energy  eleotron  flux.  Anti-sunward  winds  and  waves  generated  in  high 
latitudes  aay  also  be  a  factor  here  and  in  the  aorning  sector  as  well, 
however.  The  secondary  asxiaua  in  aid-latitudes  in  the  afternoon  sector,  for 
which  there  yet  seeas  to  be  no  other  explanation,  aay  also  be  related  to  the 
wind  systea  generated  by  the  high  latitude  heat  input. 

Of  course,  the  data  of  Figure  4  provide  only  a  portion  of  the  inforaation 
needed  '.o  aodel  the  local  tlae  effeeta  ia  detail.  Ve  aust  obtaia  aiailar 
info'  .i ion  regarding  the  variatioaa  of  the  other  constituents,  not  only  at 
tO  .a  but  et  other  heights  as  well.  And,  ve  aust  know  how  these 
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distribution*  vary  temporally  and  with  tki  intensity  of  disturbance.  It  ia 
also  clear  that  the  development  of  a  model  to  fit  these  data  will  require  a 
rather  thorough  understanding  of  the  anderlying  physical  processes. 
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